The interaction of light with matter depends on the polarization of the photons. Circular dichroism (CD) is a phenomenon in which the response of a system to left and right circularly polarized light is different. CD can be microscopically attributed to the difference in the material's response against opposite helicities of the photons. Thus, CD has been actively used for studying magnetic materials or those having strong spin-orbit interactions [1] [2] [3] .
Alternatively, left and right circular polarizations are exchanged by a mirror operation, and therefore CD is active when the measurement breaks symmetry with respect to the reflection, i.e. CD occurs when the experimental geometry has "handedness" [4, 5] .
In angle resolved photoemission spectroscopy (ARPES), light is shined on a crystal and the energy-and-angle distribution of the photoelectrons is recorded. The band structures of crystals and crystal surfaces are traced by ARPES, and the information is further enriched by investigating the CD in the angular distribution (CDAD) of the photoelectrons [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] .
For example, a node in CDAD occurs when the incidence plane and the mirror plane of the crystal are matched [5] . This vertical node, which occurs due to reasons of symmetry, has been utilized in various ARPES studies [7] [8] [9] [10] [11] [12] . In this Letter, we show that there is another type of node, a horizontal node, which occurs due to a combination of the symmetry and dimensionality of the initial electronic state. We first investigate photoemission matrix elements and derive the condition for the occurrence of the horizontal node. Then we introduce and derive information from the horizontal nodes occurring in the CDAD's of SrTiO 3 :Nb and Cu x Bi 2 Se 3 .
The experimental geometry of 7-eV laser ARPES [13] is shown in Fig. 1(a) . Using an orthogonal basis fixed on the sample (we take e x along the sample rotation axis and e y along the sample surface), the vector potentials for right (A + ) and left (A − ) circular polarizations are described as A ± = A (−1, ∓i cos η, ∓i sin η), η is the angle between the laser beam and e z , and ϕ is a phase. The analyzer collects photoelectrons emitted within the acceptance angle |α|<18
• is the direction to the analyzer axis), and the photoelectron distribution (I) is recorded as functions of θ, α, and E B , where θ is the rotation angle of e z with respect to the analyzer axis, and E B is the binding energy referenced to E F of gold. The spectra are recorded at 10 K with an energy resolution of ∼3 meV.
In general, a photoemission event from a given initial-to-final state (|Ψ i to |Ψ f ) under a given experimental setup has the same cross section to another event which is a mirror reflection of the original one [14] . Here, everything should be reflected, not just the crystal and the incident light, but also |Ψ i,f into |Ψ i,f ≡Π|Ψ i,f , and even the direction of the circulating currents responsible for magnetism, if any. We consider a one-step photoemission process, so that |Ψ f is an inverse low-energy electron diffraction (LEED) state extending from the sample into the detector [5] , and evaluate the operator under a dipole approximation:
When the incidence plane matches the mirror plane of the crystal, the resultĨ + obtained in a reflected experiment with respect to the incidence plane (this coincides with the apparatus' mirror plane in our experimental geometry) is the same as that of the original experiment with a reversed circular polarization I − , as can be seen by comparing Figs. 1(b1) and 1(b2). 
, so that the angular distribution of the dichroism
Next, we consider a case where the mirror plane of the crystal is vertical to the incidence plane, and ask whether
can hold. This corresponds to investigating whether the matrix elements for the events shown in both cases, the initial and final states are the same, and the in-plane (xy) components of A rotate anti-clockwise on the sample surface. Explicitly, eq. (1) is equivalent to
and the main difference occurs in the sign (phase) of the z component of the vector potential with respect to the x and y components. Thus, when
is fullfilled, eq. (2) and hence eq. (1) holds at θ ∼ 0 • , resulting in a horizontal node
The condition (3) is fulfilled when Ψ i is two-dimensional (2D) and spacially confined in the z direction within a length scale a shorter than the de Broglie wave length λ of the photoelectron final state, as shown in Fig. 2 . Then,
Ψ i (x, y, z) = 0, so that the photoemission matrix element becomes susceptible only to the in-plane component of the vector potential. The small photoelectron kinetic energy E kin achieved by the 7-eV laser is favorable for fulfilling condition (3), since
. Even when λ becomes comparable to a, Ψ i (z) is usually an oscillating function for |z| a, and therefore, the matrix element has little dependence on thep z component.
The case for SrTiO 3 :Nb: SrTiO 3 is an oxide semiconductor having a cubic perovskite structure. The bulk can be doped with carriers by incorporating Nb. Recently, it has been revealed that an inversion layer occurs at the surface of semiconducting SrTiO 3 independent of the carrier concentration of the bulk [15, 16] .
We find that the 2D electron gas formed in the inversion layer of SrTiO 3 is an ideal case that exhibits the horizontal and vertical nodes. In Fig. 3 The case for Cu x Bi 2 Se 3 : Bi 2 Se 3 is found to be a topological insulator [18, 19] supporting a single Dirac-cone dispersion on its surface [20] [21] [22] . Cu intercalation effectively dopes the system with electron carriers [23, 24] . In the present case, the nominal Cu concentration is x = 0.17, and E F is located 480 meV above E D , as shown in Fig. 4(a) . The band dispersion in the k x k y plane (k x is set alongΓ-M and is parallel to e x within 3 • ) changes from nearly isotropic to hexagonal in going away from E D . This can be explained within a 2D k · p
Hamiltonian constrained under C 3v and time-reversal symmetry [25, 26] :
Here, ξ is responsible for the hexagonal warping, σ i is the Pauli matrix, k ± = k x ± ik y , v k contains a k 2 -order correction, and 1/m * introduces particle-hole asymmetry. The three-fold pattern observed in the mappings at E B ≥ 0.54 eV originates from the bulk valence band, and the faint intensity observed inside the hexagon near E F is due to the bulk conduction band [24] .
In Fig. 4 Very interestingly, the horizontal node in the topological state is gradually distorted in going from E D to E F , even though the crystal as well as the effective Hamiltonian has horizontal mirror symmetry. This indicates that the topological states lose the condition of 2D confinement at large k, and around E F , they penetrate deep into the bulk rather than being surface states localized on surface layers. This is supported by calculations [27] and is reminiscent of a surface-state-to-surface-resonance transition with varying k observed in the states on metal surface [28] . The results thus indicate that the effective Hamiltonian eq. (4) To summarize, we find that the CDAD's of both SrTiO 3 :Nb around E F and Cu-doped + θ θ + η a x i s a n a l y z e r a n a ly z e r s li t -α 
